H ypertrophic cardiomyopathy (HCM) is a clinically heterogeneous disorder, commonly characterized by left ventricular hypertrophy with serious adverse outcomes, including heart failure (HF) and sudden cardiac death. 1 HCM is caused by an increase in myocyte size, but not myocyte number, and by a greater amount of myocardial fibrosis, which is distributed both throughout the interstitium and in discrete foci. 2 Although HCM is often caused by an identifiable mutation in a gene encoding for a sarcomeric protein and inherited in an autosomal-dominant pattern, 3 many patients do not have any relatives in whom the disease is manifested. Extensive studies are being performed to link phenotype with genotype in patients with cardiomyopathies; however, the mechanisms responsible for this progressive disease have yet to be elucidated. 4 Further research is required to gain a full understanding of its pathogenesis and ultimately directed therapy. During recent years, a few reports suggested a connection between telomere dysfunction and cardiovascular pathology. [5] [6] [7] [8] [9] Telomeres are the distal ends of chromosomes consisting of (TTAGGG)n tandem repeats that cap the ends of chromosomes providing protection from structural degradation, DNA damage checkpoint responses, and end-to-end fusion. 10, 11 In proliferative cells, telomere
shortening occurs with each cell division as DNA polymerases fail to completely replicate telomeres. Further, newly replicated telomeres are naturally processed by exonucleases to generate the proper 3 0 overhang. 10 Oxidative stress has also been suggested to be a modulator of telomere loss. 12, 13 The combination of these processes may lead to critical shortening and genomic instability. More importantly, when telomeres reach a critical length, cells can enter replicative senescence or become apoptotic. 10, 11 Most studies measure telomere length (TL) either in noncardiac cells (such as isolated leukocytes) 6, 7, 14, 15 or in total cardiac extracts, 16 and use biochemical methods (eg, Southern-based methods) [17] [18] [19] that are unable to distinguish TL in a cell-specific manner within the heart. Invaluable to our understanding of telomere dynamics are tissue-and cell-specific analyses of telomeres in human diseased and nondiseased hearts using high-resolution methods. Telomere quantitative fluorescence in situ hybridization (Q-FISH) allows TL assessments in paraffinembedded archival material, while providing single-cell resolution and maintaining intact tissue architecture. [20] [21] [22] Although successfully used on a number of tissues, telomere Q-FISH was only recently optimized for cardiac tissues. 5 In order to better understand cardiac telomeric dynamics in human HF, we investigated cell type-specific changes in TL of diseased hearts. Our results demonstrate that patients with HF exhibit shorter telomeres compared with nonfailing cohorts. Importantly, the telomere shortening is specific to cardiomyocytes and not to cardiac smooth muscle cells of the same hearts. Our findings indicate that telomere shortening in patients with HCM is associated with extensive DNA damage within cardiomyocytes. Furthermore, we found that aging does not alter TL in cardiomyocytes of nonfailing donor (NFD) hearts. However, under diseased conditions, telomere attrition occurs independently of age. Interestingly, we also show that women sustain their TL better than men in the presence of HF. Collectively, our results provide the first clear evidence that cardiomyocyte-specific telomere shortening is a characteristic of HF in humans, highlights its potential significance in aging and sex, and suggests possible new scientific avenues important for cardiomyocyte function and survival in cardiac disease conditions.
Methods

Human Heart Procurement
Whole human hearts were procured from 2 separate patient groups: nonfailing brain-dead organ donors with no history of HF (NFDs) and patients with end-stage HF transplant (HCM, ischemic cardiomyopathy [ICM] , and idiopathic dilated cardiomyopathy [IDCM] ) that were obtained at the time of orthotopic heart transplantation. All hearts received cold cardioplegia in situ and were placed on wet ice in 4°C KrebsHenseleit buffer. Transmural left ventricular samples (epicardial fat removed) were snap-frozen in liquid nitrogen and stored at À80°C or fixed overnight in 4% paraformaldehyde/ PBS. Following progressive tissue dehydration with ethanol and xylene, the fixed samples were embedded in paraffin. All procedures were approved by the University of Pennsylvania institutional review board. Informed consent for research use of heart tissue was obtained prospectively from all transplant recipients. In the case of organ donors, informed consent for research use of explanted heart tissue was obtained from next of kin.
Patient Cohort
Our cases consist in total of 63 human left ventricular samples, including 37 diseased and 26 nonfailing hearts from organ donors (Table 1) . Diseased hearts analyzed throughout the main figures were from patients with HCM (n=17), while diseased hearts analyzed for supplemental figures were from patients with IDCM (n=11) and ICM (n=9), with all manifesting signs of myocardial fibrosis ( Figure S1 ). Transmural samples of the left ventricular myocardium were obtained from the free wall at the time of heart transplantation. Controls (NFDs) were selected from brain-dead organ donors within the same age range of diseased patients as well as the same distribution of sex, history of diabetes mellitus, body mass index, and left ventricular ejection fraction (LVEF) >45%. Similarly, exclusion criteria for the failing cohort included myocarditis (viral, autoimmune), hepatitis B, hepatitis C, or HIV, severe renal disease, or prior left ventricular assist device support. All women were postmenopausal and no hormone therapy was reported. Left ventricular samples were collected from patients with HCM with LVEF ≥45% (HFpEF) and <45% (HFrEF). Ejection fraction values were available for 20 NFDs and 8 patients with HFrEF and 7 patients with HFpEF.
Clinical Perspective
What Is New?
• Cardiac telomere attrition is a cell type-specific, ageindependent phenomenon in heart failure.
• Patients with reduced ejection fraction have cardiomyocytes with shorter telomeres.
• Telomere shortening is associated with increased cardiomyocyte DNA damage.
What Are the Clinical Implications?
• Additional studies should be undertaken to evaluate the clinical benefits of targeting telomeres for preventive or therapeutic purposes in heart failure.
Q-FISH Analysis
Human cardiac paraffin sections (7 lm) were washed with xylene to remove paraffin, rehydrated through a graded ethanol series, followed by antigen unmasking in citrate buffer at pH 6.0 and dehydration. Tables 2 and 3 for details). Telomere FISH and nuclear Number of cardiomyocyte nuclei and number of areas scored in each subgroup. HCM indicates hypertrophic cardiomyopathy; HFrEF, heart failure with reduced ejection fraction; HFpEF, heart failure with preserved ejection fraction.
DNA (DAPI) images were acquired at 1009 using a Nikon Eclipse Ni-U, using identical exposure settings for all telomere images and all DAPI images. The investigators were blinded during experimental procedures, imaging acquisition, and analysis. TL was measured using the Software for Telomere Counting (developed at Johns Hopkins, http://demarzolab.pathology.jhmi.edu/telometer/) as previously described. 5, 20 Briefly, the nuclear area (using the DAPI staining) of the cell type of interest is identified. The software then takes into account only the red dots (telomere foci) within the nucleus for automatic analysis.
Cardiac Morphology and Morphometric Analysis
Using paraformaldehyde-fixed, paraffin-embedded tissues, 7-lm-thick cross-sections were subjected to trichrome staining (Sigma-Aldrich) for nuclei, cytoplasm, and collagen visualization. Images were collected using a Nikon stage microscope Nikon Eclipse Ni-U, and morphometric analysis for collagen tissue deposition was performed with ImageJ software.
Immunofluorescence Microscopy
Slides were de-paraffinized in xylene and rehydrated in serial ethanol concentration washes. Antigen masking was performed in citrate buffer (10 mmol/L sodium citrate, pH 6.0) for 40 minutes in a steamer. Slides were blocked with 5% normal goat serum (DAKO) for 1 hour at room temperature. Incubation with primary antibodies was performed for 2h at RT. The primary antibodies used were: anti-mouse a-cardiac troponin T (Abcam), 53BP1 (1:500; Abcam), and cH2AX (1:300; EMD Millipore). After washing in PBS, the slides were incubated with the goat anti-rabbit Alexa Fluor 488 (Invitrogen) secondary antibody for 53BP1. cH2AX secondary antibodies were biotin-conjugated goat anti-mouse (Jackson ImmunoResearch Laboratories, Inc) and streptavidin-Alexa Fluor 488 (Jackson ImmunoResearch Laboratories, Inc.) for 1.5 hours in the dark at room temperature and nuclei were counterstained with DAPI. Images were collected using a Nikon stage microscope Nikon Eclipse Ni-U.
Confocal Microscopy
Confocal images were acquired using a Leica TCS SP8 STED X system equipped with a tunable white light laser. A 63x/ 1.4 NA PlanApo objective was used for all images. Z stacks were acquired using a Z step size of 0.4 microns. Wavelength ranges of 500 to 545 nm, 561 to 631 nm, and 414 to 464 nm were used to excite green, red, and blue, respectively. Green (immunofluorescence) and red (telomere FISH) images were acquired using HyD detectors and DAPI images were acquired using a standard photomultiplier tube detector.
Statistical Analysis
Wilcoxon rank sum test was used to calculate the statistical significance of differences in cardiomyocyte TL distribution between patients (histogram figures). Mann-Whitney tests were performed for comparison between median values of identified groups in bar graph and box plot figures. Results from Kruskal-Wallis tests for comparisons between average TL values of NFDs and patients are presented in Figures 4B,  5E , and 6E. Two-tailed, unpaired Student t tests were performed for comparisons between mean values from the 2 groups and are shown in Figure 3 ; the difference was considered significant when P<0.05. Kruskal-Wallis and Mann-Whitney tests were performed for comparison between median values of identified groups and shown in Figures S1 and S2 , respectively. All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, Inc).
Results
Patients With HF Encounter Cardiomyocyte Telomere Shortening
Telomere shortening occurs when proliferating cells undergo each cell cycle, finally leading to cell senescence and apoptosis. 23, 24 However, the role of telomere attrition in the setting of HF and specifically in human cardiomyocytes, classically known as post-mitotic cells, 25, 26 is undefined. To investigate TL in HCM cardiomyocytes, human cardiac tissues from patients with HCM and NFDs were subjected to Q-FISH ( Figure 1A ). Our analysis demonstrated that the cardiomyocyte TL distribution significantly shifts towards a shorter TL range in HCM hearts compared with NFDs (P=0.016, Figure 1B ). Similar results were obtained when we plotted the average TL between NFDs and patients with HCM (P=0.003, Figure 1C) . Likewise, patients with ICM (P=0.041) exhibit cardiomyocytes with shorter telomeres than NFDs ( Figure S2A ), while analysis of TL in patients with idiopathic cardiomyopathy (IDCM) did not reveal the same result (P=0.101).
To determine whether the observed cardiomyocyte-telomere shortening is a general feature within the cardiac tissue of patients, we investigated whether vascular smooth muscle cells, which have been implicated in the pathogenesis of cardiovascular diseases, 27 were also affected ( Figure 2A ).
Remarkably, we found a comparable TL distribution in cardiac a-smooth muscle cells between patients with HCM ( Figure 2B and 2C), ICM ( Figure S2C ), and IDCM ( Figure S2D ) and NFDs (P=0.322 and 0.798 for Figure 2B and 2C, and P=0.578 and 0.921 for Figure S2C and S2D) arguing against a universal telomere shortening in diseased hearts. These data emphasize the selectivity of cardiomyocyte telomere shortening in human HF. Figure 3A and 3B). Our data showed that adult HCM cardiomyocytes exhibit a significantly higher DNA damage load compared with NFDs (P=0.016 [ Figure 3C ] and P<0.0001 [ Figure 3D] Figure 4A ). Plotting the average patient TL revealed that telomere shortening primarily affects HCM HFrEF patients (P=0.02, Figure 4B ). Intriguingly, plotting the average TL per patient versus ejection fraction revealed that the majority of patients with HFrEF (62.5%) clustered together within the shorter telomere spectrum ( Figure 4C , green triangles) compared with those with HFpEF ( Figure 4C , brown squares) and the NFDs ( Figure 4C , black circles).
TL is Associated
Age-Associated Cardiomyocyte Telomere Attrition Solely Occurs in Diseased Hearts
Age has been suggested to be a major determinant of telomere shortening (reviewed in Blackburn et al 32 ). However, the effect of telomere shortening in adult cardiomyocytes remains equivocal. To address the effect of aging on cardiomyocyte telomeric attrition we compared cardiac tissues from young (21-46 years) and older (50-75 years) NFDs. Notably, no shift in TL distribution median value was evident in young and old hearts from NFDs (P=0.874, Figure 5A and 5B), suggesting that aging per se is not sufficient to induce cardiomyocyte telomere shortening in NFD hearts. However, when compared with corresponding NFDs, the cardiomyocyte median value of TL distribution significantly shifts in young patients with HCM (P=0.012, Figure 5C ), shown with blue horizontal lines, as well as in older patients with HCM (P=0.036, Figure 5D ), shown with green horizontal lines. Similar results were obtained by plotting the patients' average TL ( Figure 5E ). Together, these findings suggest that cardiomyocyte telomere attrition is likely to be caused by the disease environment rather than aging.
Cardiomyocyte-Specific Telomere Attrition Is Attenuated in Women With HF
As the prevalence of HCM is higher in men compared with women, 33 we were inclined to explore the role of sex in the scope of TL and HCM. Our analysis revealed no TL difference between men and women in NFDs (P=0.996, Figure 6A and 6B). However, men with HCM showed significant telomere shortening (P=0.007; Figure 6C , light green horizontal line) compared with their nonfailing counterparts ( Figure 6A ), while women with HCM did not show a significant shift in their TL distribution median value (P=0.132; Figure 6B , light blue horizontal line) compared with nonfailing women ( Figure 6D ). Similar results were obtained by plotting the patients' average TL of the different groups ( Figure 6E ).
Conclusions
The findings of the current study demonstrate, for the first time, that post-mitotic cardiomyocytes from patients with HF have significantly shorter TL compared with healthy individuals. We also found that the observed telomere shortening occurs in a cell type-specific manner. Further, in-depth analysis revealed that cardiomyocytes with the shortest telomeric lengths are mainly from patients with reduced ejection fraction. This discovery is compelling to consider in light of the fact that HCM is a familial disease caused by sarcomeric protein gene mutations primarily affecting cardiomyocytes. 34 Interestingly, when the same sarcomeric mutations are introduced into mice, they poorly mimic the human spontaneous cardiac condition unless high levels of the mutation are introduced via transgene overexpression 35, 36 or mice are placed under severe stress conditions. [37] [38] [39] An intriguing interpretation of this phenotypic discrepancy could be that the significantly longer telomeres and generally higher levels of telomerase activity of inbred laboratory mice 40, 41 protect their hearts from the degree of tissue damage and organ failure that is observed in human patients. In support of this notion, it was recently shown that shorter telomeres combined with dystrophin deficiency (a cardiac structural protein) in mice unmask the full pathologic spectrum of cardiac phenotype similar to the cardiac defect seen in patients. 5 Recent studies highlight both causal and secondary roles for telomere attrition in various conditions, including cardiopulmonary diseases (discussed in Blackburn et al 32 ).
Further, the involvement of mitochondrial abnormalities and excessive reactive oxygen species is well established in cardiac dysfunction from patients of diverse etiologies. 42, 43 These irregularities may also be key factors affecting TL in cardiac muscle cells of patients with HCM. In fact, we recently reported elevated oxidative stress, potentially exacerbated by oxidative DNA damage, in cardiac tissues that exhibit short telomeres. 5 These findings are in accordance with previous reports suggesting oxidative stress as a contributor to telomere shortening independent of cell replication 44 and that telomere shortening leads to activation of DNA damage signaling. 28, 45, 46 The importance of DNA damage in human HCM is emphasized by our finding of increased DNA damage in adult diseased cardiomyocytes. Based on our results, we postulate that excessive oxidative damage of HCM hearts causes DNA damage in cardiomyocytes, leading to telomere uncapping and consequently telomere shortening. Further, as previously suggested, 5 it is possible that telomere shortening may also further enhance oxidative stress leading to additional telomere erosion as a feedback loop. Although further analyses are necessary to clearly uncover whether our finding of cardiomyocyte-specific telomere shortening is causative or a consequential effect, the results presented here suggest that the observed telomere shortening is associated with increased cardiomyocyte DNA damage in human patients with HF. As a marker of "biological age" rather than "chronological age," TL plays a critical role in maintaining genome integrity and consequently cell health. 47 In support of previous observations, in contrast to highly proliferative tissues where TL decreases with chronological age, 48, 49 our cardiac analysis demonstrated that cardiomyocyte telomere attrition is not an age-dependent phenomenon in healthy human donors. 16 However, we show that telomeric shortening occurs regardless of age in patients with HF, suggesting that cardiomyocyte "biological aging" is exacerbated under the disease state. We further found that women better sustain their cardiomyocyte TL in the presence of the disease, indicating that women may reach the TL required for the onset of HF later in life compared with men. Although individual patient characteristics are likely to further influence the observed telomere shortening of the subgroups, our finding is concurrent with previously documented sex-related cardiac functional differences in patients with HCM as well as the reported lower occurrence of HCM in women. 33 The clinical impact of reduction in cardiomyocyte TL remains uncertain. It could indicate chronic disease-specific markers and/or it may indicate the increase in susceptibility to clinical deterioration. As heart transplant recipients, all of the patients in our diseased heart groups had severe degrees of clinical disease. Within the HCM group, many had progressed to the phase of overt cardiac dysfunction as previously described 50 and many had LVEFs <45%. Future studies in relevant animal models of progressive myocardial disease and human myocardium from individuals with earlier phases of disease should provide definitive clues to the causes of cardiomyocytes telomere shortening in human HF. Ultimately, studies using interventions that mitigate cardiomyocyte TL changes and gene alterations, including animal models engineered to affect these processes, will provide the greatest functional insight and might cultivate potential future therapeutic implications. The human findings presented here highlight the need to fully understand telomere dynamics by studying new disease models that will take cardiomyocyte telomere biology into account.
